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Abstract –  Artificial life simulation of alga Chlorella kessleri is based on real biological parameters and together with partial implementation of another mathematical model of algae population growth is used for simulating the process of absorbing heavy metals from contaminated water. Model implementation is done in Swarm – an object based simulation system. Simulation is now in testing phase and no real experiments are done yet. 

I. INTRODUCTION

Artificial life (ALife) is a rapidly growing field of scientific research linking computer science and biology. It tries to understand how lifelike processes can be embodied in computer programs.  Constructing biological phenomena out of artificial components rather than breaking natural life forms down into their components does this.  This is a typical bottom-up approach, which is fundamentally different from top-down approach typically used in traditional artificial intelligence (AI) and therefore ALife is sometimes called “the new AI”. 

ALife programs are not mere simulations of life, they are new instances of LIFE as such, new instances of LIFE in a general sense. The computer is not a physical / chemical environment, it is a logical / informational environment. Thus the new artificial instances of life are not governed by the same laws as natural life and the data patterns in an instantiation are considered to be living forms in their own right and not models of any natural living form.

The ALife is connected with some important terms: self-replication, evolution (by mutation and selection), emergency (phenomena at a certain level arise from complex interactions at lower level), parallelism, information (uninterpreted  - genotype and interpreted – phenotype). The true evolution must be open-ended, i.e. not governed by a fixed fitness function. 

Much of the work in ALife is directed toward designing artificial creatures and the artificial world in which they live. Thus ALife pursues two paired goals: to increase our understanding of natural forms of life and to enhance our insight into artificial instances of life and thereby improve their performance.

A. Artificial Life Simulators

The essential parts of ALife research are ALife software simulators and simulating tools. These simulators provide a “virtual universe” for “virtual creatures” i.e. a living environment for living species. We also recognise simulation and instantiation. Simulation model is built on any live biological organism. Instantiation could be called 
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a new live entity and it’s not based on any known living entity but it provides two mainly laws of life: evolution and self-replication.
At present time there is a wide range of different software simulators. They could be divided to different groups using various criteria (diversity and complexity of population, type of evolution, inheritance of acquired characteristics, local / global interactions, front-end user interface etc.). Mostly known and presently used simulators are Tierra, Avida, Lee and Swarm. 
Tierra was the first “big” ALife simulator created by one of the fathers of ALife, evolutionary biologist Thomas Ray. Tierra is based on assembler x86 machine language and made a lot of inspiration to the others. Good example is Tierra’s derivate called Avida. Avida is simulator with local interaction between species and much more improvements, which makes it valuable for teaching of basic evolutionary theory [1]. LEE is important with it’s model of “latent energy”, but it’s a bit complicated to configure and use. Final goal is Swarm – an agent based simulator. One of the authors is Chris Langton, co-founder of ALife [5]. Swarm is implemented in Objective C language and therefore has an advantage of objective oriented language (all creatures, environment, foods etc.  are objects). Swarm has also a nice graphical user interface for visualisation of running simulation implemented in Tcl/Tk libraries.

We intended to use the Swarm simulation system for simulation of alga Chlorella kessleri. This alga is used for cleaning up the contaminated water with heavy metals (e.g. lead, mercury, arsenic etc.). This process takes a long time in vivo but it could be rapidly shorten with simulations in silico
. We are now developing together with biologist such a simulation of real Chlorella kessleri and preparing in vivo and in silico experiments to compare results.

Other ALife application fields are simulations of a real based biological model, social relationship model, warfare simulations and many others practical applications. 

II. BIOLOGICAL BACKGROUND

Chlorella kessleri (Ch. kessleri) is from family Chlorellaceae, subfamily Chlorelloideae and genus Chlorella. The small differences between strain Chlorella kessleri and Chlorella vulgaris are not significant in our simulations (e.g. chloroplast shape). We picked up Ch. kessleri due to possibility of comparison results from simulation and practical experiments that will start in October 1999. 
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These algae are eucaryotic organism, it means that they have a nucleus clearly separated by nucleus membrane from cytoplasm. The cells are spherical, relatively small with a smooth cell wall, without mucilage. One or more mantel-shaped chloroplast is present with a distinct basal pyrenoid. Usually 4 autospores are formed and released by opening in mother cell wall Fig. 1 [2] and mother cell will die (it depends on strain of cell). The idea of using this (or even others) algae in the process of cleaning up the contaminated water is based on absorbing heavy metal into living cell or on it’s surface. After absorbing, the cell is capable to detoxicate it by chemical reactions (reduction). After all of that is possible to use a dead cells just like substrate to clean up the water, recycle substrate and use it over again. The toxin is then is not absorbed into cell but it only remains on the surface of cell wall. Our experiments are focused especially on living cells due to the complexity of the problem. This is the first phase. The second phase is experiments with death cells and the simulation of this substrate. 

Cell cycle of Ch. kessleri has four main parts as all eucaryotic cell has. The phases are: 

G1 phase – accumulating energy

S phase  – synthesis of DNA

G2 phase – preparation for mitosis

M phase – mitosis (divide of nucleus)
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In vivo the most important phase (mostly the longest one) is the phase S, where the more vital part of the whole reproduction process is done. 

Primary source of energy for cells is external light and chemical elements contained in water (primarily carbon, nitrogen, phosphorus and others trace elements). Fig. 2 shows us relation between intensity of light and intensity of photosynthesis. 

This relation is defined by equation (1) [4]. 
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Where P is production and Pmax maximal production of phytoplankton in relation with intensity of light I. Photosynthesis grows up linear with intensity I until it reach the value of Ik, where the cell is saturated by light (Pmax). Next growing of intensity I has no influence on cells and finally the onward growing of intensity above Im limit leads to inhibition. If inhibition is not so long then the changes in photosynthetic mechanism are reversible.

III. COMPUTER BACKGROUND

Our ALife model is designed to match the biological model as close as possible. Basic idea of such a simulation was published in [7] and [8]. Individual agent with defined metabolism, reproduction mechanism, chloroplast and cell wall represents each cell of real Ch. kessleri.  Cell cycle is the same as with the living cells except that our simulation doesn’t include any DNA, its synthesis and probably any mutation at this level. In the future it will be necessary to cover also this natural behaviour.

Mathematical model of growing algae population and abundance of phytoplankton is partially implemented as shown in [4] and [6]. There are three primary dependent systems: population of phytoplankton, population of zooplankton and dissolved nutrition. Regarding in vivo experiments we don’t need to concern about population of zooplankton because of especially selected population and environment. All these systems depend on three main external factors i.e. water temperature, intensity of light and water movements. 

The comparison of this mathematical model and real values measured in San Joaquin River in California in 1971 [6] is shown in Fig. 3. Mathematical model is shown as a continual line, experimental results are shown as a dots. We could see that mathematical model even though much simplified than reality is capable to match behaviour of real life.

A. Implementation

All implementation is based on ALife object based simulation system Swarm and its libraries. Simulating environment is defined as multi-layer lattice with different integer values in each cell representing food, kind of heavy metal, presence of Ch. kessleri. Each cell could occupy only place where no other cell is. During reproduction (usually 4 autospores, its random 2, 4 or 8) its daughter cells will occupy the closest positions to mother’s cell. Reproduction is possible only if there is a free place near mother cell. During this process the energy of mother cell is divided between offspring and mother cell will die - free its resources (memory, space, CPU time).
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Each cell is visualised as a small green circle, foods are grey points and heavy metal s is shown as small red points. Due to immobility of alga the slow flowing of environment is needed. In real experiments in vivo shaking with substrate provides this or in bigger scale by basins with algae cultures and slow flowing contaminated water.

Important part of the simulation are rules for environment which concerns the temperature, intensity of light, concentration of arsenic, size of “world”, number of cells, concentration of oxygen, nitrogen, carbon, phosphorus.

IV. EXPERIMENTS

[image: image6.png]


Simulation is now in testing phase and soon will be opportunity to compare in vivo and in silico results. We plan to make a series of experiments with living cells and compare results, especially population growth and number per time, absorption of arsenic. This first step will lead to some minor adjustment of cells or environment parameters in simulation system to gain an accurate computer model. After this “preparation” phase (which is also very useful) we want to make the same in vivo experiments with death cells and also redesign some part of simulation to follow this aim. Both this phases are necessary to obtain reliable and accurate model of whole environment in its whole complexity and its ecology.

On Fig. 4 is show cell population vs. time (bold line), food vs. time (grey line) and toxin vs. time (straight line). In this simulation cells just eat and live, they didn’t care about toxin as we could see from Fig. 4. Fig. 5 shows whole simulation with control, setup window, graph and visualise window together. We could see a growing population in visualisation window and also in the graph.
V. CONCLUSION

This paper covers approach to the practical use of ALife simulations to support or replace in vivo experiments, to save money, time and energy needed to work with real cells. The experiments will tell the truth, if this kind of simulation could face challenge like this but it is still worth of work due to absence of complex experiment, simulation  and comparison of obtained results. Some of the simplified mathematical works well, but with add of DNA mutations and probably more diverse population the mathematical model will be very complicated (if possible with required accuracy) and in that case the ALife simulation should be good solution.

V. ACKNOWLEDGMENT

The authors thank to Ms. Jana Kaduková from Faculty of Metallurgy, Technical University Košice for never-ending patience to answer all our questions and also for suggestions about our simulations, model and for all experiments she made. This work is supported by VEGA grant of Ministry of Education of Slovak Republic "Artificial life simulators and their application" No. 1/8135/01
VI. REFERENCES

[1]
Ch. Adami, Introduction to Artificial Life, Springer-Verlag New York, Inc., 1998

[2] 
F. Hindák, Studies on the chlorococcal algae (Chlorophyceae). III, VEDA, Bratislava, 1984, p. 177-181

[3] 
F. Hindák, Studies on the chlorococcal algae (Chlorophyceae). II, VEDA, Bratislava, 1980, p. 59-65

[4]
F. Hindák, Sladkovodné riasy, SPN, Bratislava, 1978, p. 11 – 57, 534

[5] 
C. Langton, N. Minar, R. Burkhart, M. Askenazi, The Swarm simulation system, http://www.santafe.edu/projects/swarm, 1995, Santa Fe Institute, Santa Fe

[6]
D. M. Di Toro, D. J. O’Connor, R. V. Thomann, “A dynamic model of the phytoplankton population in the Sacramento-San Joaquin Delta”, Nonequilibrium systems in natural water chemistry, Adv. Chem., Ser. 106, J. D. Hem (ed.), p. 131 – 180

 [7]
J.U. Kreft, G. Booth, J. W. T. Wimpenny, „BacSim, a simulator for individual-based modelling of bacterial colony growth“, Microbiology 144, p. 3275-3287 http://www.socgenmicrobiol.org.uk/MIC/144/3275/1443275H.HTM

[8] 
P. Zvirinský, MAG: Metabolising Agents simulation. Project, Report, Department of Computer and Information Science, Lade, NTNU Trondheim, Norway, 1999, http://www.ifi.ntnu.no/~zvirinsk/projects.htm

[image: image7.png]inhibition

saturation

limitation

SIS9Y)uAsojoyq

Intensity of light
















Fig.  4 Population of cells vs time
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Fig.  5 Simulation of Chlorella kessleri using Swarm simulation system
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Fig.  1 Reproduction cycle of Chlorella vulgaris





Fig.  3 Mathematical model of phytoplankton abundance by Di Toro (1971)





Fig.  2 General dependence between Intensity of Light (I) and Photosynthesis
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� Logical environment  created in computer, based on silicon
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